Cell therapy based on dendritic cells (DCs) pulsed with tumor lysate is a promising approach in addition to conventional therapy for the treatment of patients with glioblastoma (GB). The success of this approach strongly depends on the ability to generate high-quality, functionally mature DCs (mDCs), with a high level of standardization and in compliance with Good Manufacturing Practices. In the cell factory of the Carlo Besta Foundation, two phase I clinical trials on immunotherapy with tumor lysateloaded DCs as treatment for GB are ongoing. From 2010 to 2014, 54 patients were enrolled in the studies and 54 batches of DCs were prepared. We retrospectively analyzed the results of the quality control tests carried out on each produced batch, evaluating yield of mDCs and their quality in terms of microbiological safety and immunological efficacy. The number of mDCs obtained allowed the treatment of all the enrolled patients. All 54 batches were sterile, conformed to acceptable endotoxin levels, and were free of Mycoplasma species and adventitious viruses. During culture, cells maintained a high percentage of viability (87%-98%), and all batches showed high viability after thawing (mean 6 SD: 94.6% 6 2.9%). Phenotype evaluation of mDCs showed an evident upregulation of markers typical of DC maturation; mixed lymphocyte reaction tests for the functional evaluation of DCs demonstrated that all batches were able to induce lymphocyte responses. These results demonstrated that our protocol for DC preparation is highly reproducible and permits generation of large numbers of safe and functional DCs for in vivo use in immunotherapy approaches. STEM CELLS TRANSLATIONAL MEDICINE 2015;4:1164-1172
INTRODUCTION
Glioblastoma (GB) is the most common and aggressive primary brain malignancy, with a yearly incidence of 2.5 per 100,000 people, and is virtually incurable. Conventional treatment, which includes surgical resection followed by radiation and concurrent chemotherapy, allows a median survival of 12-18 months, with 90%-95% of patients surviving for less than 2 years and with a high probability of relapse [1] [2] [3] . As current knowledge suggests that the continued tumor growth and limited survival is, in part, due to failure of an effective immune response [4] , it seems likely that new strategies based on immunotherapy in combination with conventional therapy could provide a more effective treatment for GB.
Dendritic cell (DC) immunotherapy could represent a well-tolerated, long-term, tumor-specific treatment to kill residual tumor cells that infiltrate adjacent areas of the brain. Preclinical investigations for the development of therapeutic vaccines against high-grade gliomas, based on the use of DCs loaded with a mixture of gliomaderived tumor antigens, have been carried out [5] [6] [7] and mouse models [8] [9] [10] , and have shown the capacity to generate a glioma-specific immune response. Mature DCs (mDCs) loaded with autologous tumor lysate used for the treatment of patients with recurrent malignant brain tumors have shown no major adverse effects [11] [12] [13] [14] [15] .
The success of immunotherapy approaches based on DCs strongly depends on the ability to generate functional mDCs with a high level of standardization. Moreover, the whole process must be done in compliance with Good Manufacturing Practices (GMP), as required by regulatory authorities, to ensure reproducibility, efficacy, and safety of DCs considered as AdvancedTherapy Medicinal Products (ATMP). GMP rules require that the quality and safety of ATMP must be maintained throughout the entire preparation process to ensure the safety of a product that will be administered to patients. In particular, the celltherapy product should be extensively analyzed in terms of purity, potency, and suitability for the intended use. mDCs are consistently produced and controlled during every step of preparation to ensure the quality standard at different stages: the collection and manipulation of raw materials; the processing of intermediate products; and the storage, labeling, packaging, and release of the final product.
Since 2010, 2 phase I clinical trials involving the use of DCs have been ongoing at the Neurological Institute C. Besta Foundation for the immunotherapeutic treatment of patients with either newly diagnosed or recurrent GB. DCs are prepared in the cleanroom facility of the Cell Therapy Production Unit (UPTC), in compliance with European GMP guidelines for pharmaceutical products.
In this report, we provide data on routinely obtaining large numbers of high-quality, safe, and functional mDCs, from a retrospective analysis of the quality control test results carried out for each batch of mDCs. Quality control tests were performed both "in process," during the different steps of preparation, and for "batch release" at the end of the production process.
In particular, we evaluated the safety profile of DCs in terms of sterility and absence of contamination with Mycoplasma species, bacterial endotoxin, and adventitious viruses; and their efficacy in terms of viability, maturation status, and potency. Compendial methods, according to European Pharmacopoeia (EP) [16] , were used to test sterility, measure endotoxin levels, and detect Mycoplasma species and adventitious viruses. Noncompendial methods, developed in our laboratory for specific processes, were applied to evaluate DC viability, phenotype, maturation status, and potency. The results of this study demonstrate that our protocol for DC production is highly reproducible and permits consistent generation of large numbers of safe and functional mDCs for in vivo use in immunotherapy approaches.
MATERIALS AND METHODS

Clinical Trials and Patients
The UPTC facility of Neurological Institute C. Besta Foundation was licensed in 2010 by the Italian Medicines Agency (Agenzia Italiana del Farmaco) for the production of autologous DCs pulsed with tumor lysate for the treatment of GB-affected patients.
From April 2010 to April 2014, 54 patients diagnosed with GB were enrolled in 2 ongoing phase I clinical trials on immunotherapy with tumor lysate-loaded mDCs (Newly diagnosed GBM Fifty-four batches of autologous mDCs were prepared (27 for DENDR1 and 27 for DENDR2) and 245 vaccines were administered to the patients (149 in DENDR1 and 96 in DENDR2). These studies were authorized by national authorities and the local ethical committee. Written informed consent was obtained from all patients.
Generation of DCs From Peripheral Blood Mononuclear Cells
All batches were prepared under GMP conditions. Methodological details of DC preparation were previously reported [17] . Briefly, peripheral blood mononuclear cells (PBMCs) were obtained using the closed COBE Spectra Apheresis System (Spectra Cell Separator; Terumo BCT Inc., Tokyo, Japan, http://www. terumobct.com). The isolation of CD14 + monocytes was performed by immunomagnetic labeling of the target cells using the CliniMACS Technology (Miltenyi Biotec, Teterow, Germany, http://www.miltenyibiotec.com). The positive fraction was cultured at 3 3 10 6 to 5 3 10 6 cells/ml in VueLife closed culture systems in CellGRO medium (CellGenix GmbH, Freiberg, Germany, http://www.cellgenix.com) implemented with 20 ng/ml interleukin (IL)-4 and 50 ng/ml granulocyte-macrophage colonystimulating factor (GM-CSF) (CellGenix GmbH). On day 5 of culture, immature DCs (iDCs) were pulsed with autologous tumor lysate, prepared as previously described [17] , at the concentration of 50 mg/10 6 living cells plus 50 mg/ml keyhole limpet hemocyanin (EMD Millipore Corp., Billerica, MA, http://www.emdmillipore. com) with addition of 10 ng/ml IL-4 and 25 ng/ml GM-CSF for 24 hours. On day 6, antigen-loaded DCs (aDCs) were cultured with a proinflammatory cytokine cocktail including 10 ng/ml of tumor necrosis factor (TNF)-a, IL-1b, IL-6 (CellGenix GmbH), and 1 mg/ml prostaglandin E 2 (PGE 2 ) (Pfizer Inc., New York, NY, http://www. pfizer.com). After 24 hours, mDCs were collected and frozen at the concentration of 5 3 10 6 to 6 3 10 6 viable cells per vial in sodium chloride (NaCl) (B. Braun Inc., Hessen, Germany, http:// www.bbraun.de), 10% dimethyl sulfoxide (Li Starfish S.r.l., Milan, Italy, http://www.listarfish.it), and 5% human albumin (Kedrion SpA, Barga, Italy, http://www.kedrion.com), in 2-ml cryogenic vials (Nalgene Nunc International Corp., Rochester, NY, http:// nalgene.com). A controlled-rate freezing curve (Planer Kryo 360-3.3; Planer Products PLC, Middlesex, U.K., https://www. planer.com) was used prior to preservation in nitrogen gas. All samples were stored in the GMP-dedicated area of the biobank and managed with Good Automated Manufacturing Practices 4 software (International Society of Pharmaceutical Engineering, Tampa, FL, http://www.ispe.org).
Quality Control
Analytical methods were applied to keep under control contaminants that could be introduced during the manipulations and to analyze the morphological and functional characteristics of the final product. Analytical methods included compendial methods described by the EP and used for microbiological controls (sterility, bacterial endotoxin content, Mycoplasma species, adventitious viruses (e.g., herpes simplex virus type I and adenovirus serotype 5), and noncompendial methods developed just for Nava, Lisini, Pogliani et al.
the process of interest to detect cell viability and number, phenotype (by flow cytometry analysis), and potency via a mixed lymphocyte reaction (MLR) test.
Compendial Methods: Safety Profile of the Batches
Microbiological controls were carried out by a GMP-certified laboratory under aseptic conditions and according to EP. All protocols were validated and specific limits of detection (LOD) were determined.
Sterility
Sterility was assessed by the BacT/Alert 3D Culture System (bioMérieux, Marcy-l'Étoile, France, http://www.biomerieux.com). This is an automated, nondestructive, and noninvasive system that continuously monitors culture of aerobic and anaerobic bacteria and fungi (EP 2.6.27 Microbiologic control of cellular product [16] ). The samples were first inoculated in bottles containing the specific culture medium, then the bottles were incubated in a system that works on the colorimetric principle of detection of carbon dioxide produced by the organisms. The LOD of this method was set at 10 cfu.
Bacterial Endotoxin Level
The Limulus amebocyte lysate (LAL) kinetic test was applied to detect and quantify Gram-negative bacterial endotoxins, according to EP 2.6.14 [16] . This test uses a preparation of LAL, in combination with an incubating photometer and appropriate software, to detect, photometrically, the endotoxin level. The cutoff limit was set at a value of 2.86 endotoxin units (EU)/ml.
Mycoplasma Detection
The presence of Mycoplasma species was assessed by nucleic acid amplification techniques (NATs), according to EP 2.6.7 [16] , using the Venor GeM Mycoplasma Detection Kit (Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich.com), which includes specific oligonucleotides for the detection of a wide range of Mycoplasma species.
Adventitious Viruses Detection
Adventitious herpes simplex virus type I and adenovirus serotype 5 were detected and quantified by a real-time polymerase chain reaction (PCR) assay, using selected oligonucleotides and probes for the amplification of viral genome (EP 2.6.21 Nucleic acid amplification techniques [16] ).
Noncompendial Methods: Functional Testing
Viable Cell Count. Viable cell count was assessed in a Bürker chamber using the vital stain trypan blue, a negatively charged chromophore that enters the cell if the membrane is damaged. Therefore, all the cells that exclude the dye are viable, whereas all nonviable cells are stained. The cut-off limit for cell viability was set at 75%.
Flow Cytometry
Flow cytometry analysis was performed on CD14 + monocytes, after immunomagnetic selection, to assess the purity of selected cells, and on iDCs, aDCs, and mDCs to analyze their maturation status at different culture steps. Monoclonal antibodies (mAbs) used in this study for phenotype analysis included fluorescein-and phycoerythrin-labeled anti-CD14, anti-CD80, anti-CD83, anti-CD86, and anti-HLA-DR (Becton, Dickinson and Company, Franklin Lakes, NJ, http://www.bd.com). Nonspecific staining was determined with the appropriate isotype control. The appropriate mAbs were used to stain 3 3 10 5 cells/tube. The tubes were incubated for 30 minutes at 4°C in the dark and washed twice with cold flow cytometry (FACS) buffer. At least 20,000 events were acquired for each sample, immediately or after fixation with 4% paraformaldehyde, on a FACScalibur flow cytometer (Becton, Dickinson and Company). Data were analyzed using CellQuest software (Becton, Dickinson and Company). The cut-off limits for each marker expression on mDCs are summarized in Table 1 .
Mixed Lymphocyte Reaction
PBMCs were isolated from donor blood by Ficoll-Paque density gradient centrifugation and resuspended in CellGRO medium (CellGenix GmbH). Unidirectional MLRs were performed by coculturing 2 3 10 5 PBMCs (responder cells) with stimulating cells (S) in a 96-well plate (Corning, Corning, NY, http://www.corning.com). S cells were represented by 1 3 10 4 DCs, 2 3 10 5 autologous PBMCs (for auto-MLR, negative control), or 2 3 10 5 allogeneic PBMCs (for allo-MLR, positive control). S cells were pretreated with mitomycin-C (50 mg/ml; Sigma-Aldrich Co.) for 20 minutes at 37°C and used after extensive wash.
After 5 days, 1 mCi of 3 H-thymidine (GE Healthcare, Amersham, Buckinghamshire, U.K., http://www.gelifesciences.com) was added for further 18 hours. The radioactivity incorporated into DNA was measured in a b-scintillation counter (Trilux 1450; PerkinElmer Inc., Waltham, MA, http://www.perkinelmer.com). Results were expressed as stimulation index (SI) to allow comparison of results between donors. The SI was calculated as follows: mean counts per minute (cpm) from stimulated cells per mean cpm from nonstimulated cells. MLR responses were considered positive when the SI was $3 for PBMC-induced stimulation and $6 for DC-induced stimulation.
Alternatively, the colorimetric nonradioactive MTS proliferation assay was used. Briefly, after 5 days of culture, the MTS reagent was added as one-tenth of the volume of the cell volume into wells for another 4 hours. Cell proliferation was assessed by evaluating with a spectrophotometer absorbance at wavelength of 540 nm. MLR responses were considered positive when the upregulation of proliferation was $18%.
Stability of the Final Product
We tested the stability of the product conserved in nitrogen vapors, considering a cryopreservation period exceeding 12 months; it is not possible to define exactly the period of maximum storage of the finished product in nitrogen vapors, because of clinical variables that can change the time of administration. For the evaluation of the stability, three representative batches were analyzed. One representative vial for each batch analyzed was thawed and centrifuged at 300g for 10 minutes without addition of buffer; the supernatant was removed and the cells resuspended in sodium chloride plus 0.5% human serum albumin. Resuspended cells were then subjected to the following tests: evaluation of cell number and viability, phenotype analysis by flow cytometry, and analysis of the potency by MLR test.
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It is also not possible to define, exactly, the period of time from sample preparation (thawing and resuspension) to its inoculation in the patient. For this reason, we tested the stability of the product over a range of time that covered the longest waiting time expected before inoculation (2 hours).
Three representative batches were thawed and the cells resuspended in 500 ml of NaCl plus 0.5% human albumin. The cells were preserved at room temperature. Cell concentration and viability were determined at time (T) = 0, T = 0.5 hour, T = 1 hour, and T = 2 hours after thawing. The post-thaw recovery was calculated for each batch as follows: Percentage of recovery = Final number of cells 3 100/Initial number of cells.
Statistical Analysis
Results are expressed as mean 6 SD. One-way analysis of variance and a two-tailed test were used for all statistical analyses and performed with GraphPad Prism software version 4.0 (GraphPad Software Inc., La Jolla, CA, http://www.graphpad.com). p values of less than .05 were considered significant.
RESULTS
Batch Release and Patients' Treatment
Fifty-four batches of DCs were prepared. The batch-release parameters and the defined cut-off values are given in Table 1 . Fifty-three of 54 batches (26 in DENDR1, 27 in DENDR2) were approved as complying to the specifications (Table 1) and suitable for the treatment of patients, whereas one of the 54 batches (1 in DENDR1) was not compliant because of an insufficient number of mDCs obtained at the end of the process. This was because of a low number of white blood cells (WBCs) after leukapheresis. A total of 245 vaccines were administered to the patients (149 in DENDR1 and 96 in DENDR2).
Compendial Methods: Safety Profile of the Batches Sterility
Sterility was assessed by BacT/Alert 3D Culture System. All 54 batches were found to comply within the LOD at the time of collection, on leukapheresis, in tumor lysate, in culture supernatant at day 7, and in mDCs.
LAL Test and Detection of Mycoplasma Species and Adventitious Viruses
The LAL kinetic test was applied to detect and quantify Gramnegative bacterial endotoxins on mDC. The cutoff limit of the LAL kinetic test was 2.86 EU/ml. All 54 batches conformed to the specifications (mean 6 SD: 0.52 6 0.22 EU/ml).
Mycoplasma Detection
The absence of Mycoplasma was assessed by NATs on mDCs, according to EP 2.6.7. In all 54 batches, mycoplasma was absent.
Adventitious Viruses Detection
Adventitious viruses herpes virus type I and adenovirus serotype 5 were detected and quantified by a real-time PCR assay (EP 2.6.21), Adventitious viruses were assessed on tumor lysate and during the batch-release quality controls. In all 54 batches, herpes simplex virus type I and adenovirus serotype 5 were absent.
Noncompendial Methods: Functional Testing Viable Cell Count and Yield
Fifty-four preparations were analyzed. The recovery rate (mean 6 SD) from monocytes to iDCs (differentiation) on day 5 was 32.7% 6 16.4% and to mDC (maturation) on day 7 was 10.0% 6 3.8%. No differences were observed between DCs from DENDR1 patients and those from DENDR2 patients in terms of Nava, Lisini, Pogliani et al.
yield, purity, or recovery rate during the production process (Table 2) . During culture, cells maintained a high percentage of viability, as evaluated with trypan blue staining at different steps of culture, with an absolute range between 87% and 98% and the following percentages (mean 6SD): iDCs, 95.8% 6 1.6%; aDCs, 94.0% 6 2.7%; and mDCs, 95.6% 6 2.3%, as reported in Table 2 .
Recovery After Thawing
We evaluated recovery rate and cell viability of final product after cryopreservation in nitrogen vapors. Cells were thawed at room temperature and immediately centrifuged at 300g for 10 minutes without the addition of buffer. Supernatant was removed, and cells were resuspended in 0.9% NaCl plus 0.5% human albumin, at a concentration of 10 3 10 6 cells per milliliter (0.5 ml per vial). Cells were then counted and viability evaluated by the trypan blue exclusion test.
The mean number (6SD) of cells cryopreserved per vial was 6.4 3 10 6 6 0.47 3 10 6 ; after thawing, the mean number (6SD) of recovered cells was 5.9 3 10 6 6 0.54 3 10 6 (p = .000032), representing a recovery rate after thawing of 93.3%. Viability was unchanged (prethaw: 94.2% 6 3.2%; post-thaw: 94.6% 6 2.9%; p = not significant) ( Table 2 ). Thawed cells were used for noncompendial analysis for batch release.
Flow Cytometry
To assess the purity of the CD14+ fraction, selected monocytes were analyzed by flow cytometry for CD14 and CD3 expression. Monocytes obtained with the use of the CliniMACS device (Miltenyi Biotec), in 54 preparations, showed a purity (CD14 positivity; mean6 SD) of 98.2% 6 2.5% and negativity for CD3 (residual CD3 content of 1.7% 6 1.7%).
We analyzed differentiation and maturation markers on monocytes and DCs during different steps of the production process on all 54 batches. We evaluated mean fluorescence intensity (MFI) of markers and percentage of positive cells in culture. Moreover, we decided to evaluate the increase in MFI between iDCs and mDCs as an indication for maturation and differentiation during the production process. mDCs, relative to iDCs and in terms of percentage of positive cells, downregulated CD14 (% 6 SD: iDCs, 51.9% 6 26.0%; mDCs, 19.2% 6 14.5%; p , .0001) and upregulated costimulatory markers such as CD80 (% 6 SD: iDCs, 6.2% 6 8.0%; mDCs, 79.2% 6 5.9%; p , .0001), CD86 (% 6 SD: iDCs, 36.4% 6 23.0%; mDCs, 94.56% 6 2.3%; p , .001), and CD83 (% 6 SD: iDCs, 8.7% 6 9.0%; mDCs, 56.1% 6 15.5%; p , .001) (Fig. 1B) . The MFI results were proportionally modulated during differentiation steps (Fig. 1A) , with a strong downregulation of CD14 from iDCs to mDCs (MFI 6 SD: iDCs, 55.7 6 24.3; mDCs, 25.34 6 15.1; p , .001) and upregulation of constitutively expressed markers such as CD86 (MFI 6 SD: iDCs, 47.7 6 29.2; mDCs, 136.8 6 93.9; p , .001) and HLA-DR (MFI 6 SD: iDCs, 275.0 6 85.9; mDCs, 380.4 6 158.1; p = .0004). The evaluation of the increase in MFI of mDCs compared with iDCs revealed that maturation markers (CD80, CD86, and CD83) increased at least 2-fold during maturation and CD14 decreased (mean 6 SD: 0.48 6 0.19); there was a smaller upregulation of HLA-DR (mean 6 SD: 1.7 6 1.1) (Fig. 1A) .
Mixed Lymphocyte Reaction
DC functionality was evaluated via one-way MLR using PBMCs as responder cells and 3 H-thymidine incorporation to detect proliferation. The acceptance limit for the MLR test was SI $ 6, where SI was calculated as the ratio of mean cpm of stimulated cells to mean cpm of nonstimulated cells. As shown in Figure 2A , mDCs are potent stimulatory cells, with a mean SI (6 SD) of 25.1 6 13.7. The comparison between DENDR1 and DENDR2 mDCs did not show differences in their ability to induce allogeneic MLR (SI 6 SD for DENDR1: 22.7 6 12.6, 46 tests; for DENDR2: 27.6 6 14.5, 42 tests; p = .1002).
We validated an alternative method to evaluate proliferation in the one-way MLR, using the colorimetric assay MTS rather than 3 H-thymidine incorporation. We first compared the linearity of H-thymidine R 2 = 0.9181) (supplemental online Fig. 1 (Fig. 2B) .
Stability of the Product
The stability of the final product cryopreserved in nitrogen vapors for a period exceeding 12 months was evaluated. Three runs of validation were conducted for the evaluation of viability, phenotype, and functionality. The mean cryopreservation period was 434 days. Data are summarized in Table 3 . The validation of the stability of the vaccine was determined by the absence of outof-specification values in the three validation runs. Based on the data obtained, we concluded that the final product is stable after cryopreservation in nitrogen vapor for a period exceeding 12 months. We planned to complete the vaccination schedule of each patient within 12 months from the end of production. The stability of the final product after 0, 0.5, 1, and 2 hours after thawing was evaluated. Three batches were considered for the validation. The viability of cells resulted in .75% up to 1 hour after thawing (mean 6 SD at 1 hour: 83.3% 6 6%). The recovery rate was 64.9% 6 3.5% after 1 hour and 80.4% 6 14.7% after 0.5 hour. To guarantee the correct cell dose administered to the patient, we considered that the final product is stable at room temperature, after thawing, for a maximum of 0.5 hour. Results are summarized in Table 4 .
DISCUSSION
Advanced-therapy medicinal products are new medical products based on genes (gene therapy), cells (cell therapy), and tissues (tissue engineering) that require a long preparation as well as extensive manipulation before administration to patients. Thus, it is mandatory that ATMP are prepared in cell factories, following the GMP rules.
In the last decade, growing attention has been placed on the generation of DC-based ATMP suitable for clinical applications. A number of papers reported protocols for reproducible monocytederived DC generation [18, 19] , mainly based on large-scale immunomagnetic selection of CD14+ monocytes [20] . One of the major challenges of DC vaccination is the establishment of harmonized DC production protocols.
Here, we retrospectively analyzed the results of the quality control tests carried out on 54 GMP preparations of autologous DCs pulsed with tumor lysate. To our knowledge, this is the first H-thymidine incorporation (A) or colorimetric variation of MTS reagent (B) was used to detect cell proliferation. All mature dendritic cells (mDCs) analyzed were potent stimulatory cells by both 3 H-thymidine and MTS analysis. The comparison between D1 and D2 mDCs showed that there are no differences in their ability to induce allogeneic MLR. A total of 54 preparations were tested with 3 H-thymidine incorporation, and 22 of these also were tested with MTS incorporation. Abbreviations: D1, DENDR1; D2, DENDR2; SI, stimulation index.
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time that the results of such a large number of DC preparations performed with a highly standardized protocol in a GMP facility are reported in detail. Mainly, we evaluated (a) the quality of DCs both in terms of safety profile (sterility, and Mycoplasma, endotoxin, and adventitious viruses content) and immunological efficacy (viability, maturation status, and potency), (b) the stability of our ATMP product, and (c) the feasibility of obtaining a large number of autologous DCs and the reproducibility of our production protocol.
Compared with other GMP-like protocols, we introduced three innovative changes in methods for DC preparation, as previously described [17] : (a) processing of the tumor was performed with an automated, closed system, the GentleMACS dissociator (Miltenyi Biotec), that minimizes interpreparation variability and the risk of contamination; (b) DC differentiation, loading, and maturation were done in Teflon bags, which allow a more rapid and standardized handling, minimizing the risk of contamination; and (c) cryopreservation of loaded and matured DCs was carried out 7 days after immunoselection, shortening the production time without loss of function of the final product, relative to longer culture protocols.
The analyses carried out during the production process and during the quality control cycle confirmed that the DCs prepared using our GMP protocol are safe for administration to patients; results of compendial tests showed, in fact, that all 54 batches conformed in terms of sterility and absence of Mycoplasma species, endotoxins, and adventitious viruses. In support of the data concerning the safety of cells prepared with our protocol, is, to date, 245 vaccine doses (149 in DENDR1 and 96 in DENDR2) have been administered to the 54 patients enrolled in this study, without any adverse event related to the vaccinations.
Another major safety issue that we must take in consideration is the lack of viable cells in the tumor-lysate preparations. Our in vitro data, as well as safety data from 245 administered vaccines, allow us to assume that the combined thermal (snap-frozen tissue) and mechanical stresses (GentleMACs; Miltenyi Biotec) safely avoid the persistence of viable cells in the tumor lysate and that trypan-blue staining is a valid tool, sufficient to rule out such persistence.
Phenotypical evaluation of the products performed by flow cytometry analysis indicated that MFI was proportionally modulated during differentiation steps, with a strong downregulation of CD14 monocytes markers during the maturation process from iDC to mDC, and an upregulation of constitutively expressed markers such as CD86 and HLA-DR. Maturation markers CD80, CD86, and CD83 increased at least twofold during maturation. These data are fully in agreement with those reported by Eyrich and colleagues, who described that DCs downregulated CD14 and upregulated costimulatory markers such as CD80, CD86, HLA-DR, and CD83 during the culture process [21] .
Flow cytometry analysis confirmed the functionality of the "standard" GMP-maturation cocktail (TNF-a, IL-1b, IL-6, and PGE 2 ) that, at the end of the procedure, induced high levels of HLA-DR and costimulatory molecules on mDC surfaces [22] , revealing that maturation is complete.
We also evaluated the potency of DCs via one-way MLR using PBMCs as responder cells. As described in other papers, MLR is the gold standard to test the functional ability of DCs as antigen-presenting cells [23] . In accordance with the data reported in such papers, our results confirmed the potential immunological action of all 54 preparations.
With the application of our standardized production protocol, cells maintained a high percentage of viability during culture (87%-99%), with yields of roughly 15% mDCs from initial monocytes or 1% from WBCs, in accordance with results obtained by other groups using large-scale DC-generation technologies STEM CELLS TRANSLATIONAL MEDICINE [24] [25] [26] . Furthermore, our GMP protocol involved the use of a controlled-rate freezing curve to guarantee optimal cryopreservation of the product. The recovery rate of the final product after cryopreservation in nitrogen vapors was 93.34% and cell viability after thawing was unchanged with respect to the fresh final product.
We also evaluated the stability of the final product cryopreserved in nitrogen vapors, showing that this protocol for the cryopreservation of DC guarantees the stability for a period exceeding 12 months. The confirmation that the product is stable for more than 12 months ensures that the patient completes the vaccination schedule without loss of functionality of the ATMP.
Our DC protocol allowed successful generation of mDCs with sufficient numbers of cells to cover the complete vaccination schedule. In fact, the number of DC aliquots was compliant with the specifications except for 1 case out of 54 (1.8% in our series), in which the number of aliquots obtained was lower, still permitting 5 of the 7 DC injections required by the protocol.
Two studies are ongoing at our institution based on the use of DCs loaded with whole tumor lysate in patients affected by glioblastoma at first diagnosis (DENDR1; EudraCT 2008-005035-15) or at recurrence (DENDR2; EudraCT 2008-005038-62). Both studies are based on a Simon's two-stage design [27] . Despite the difference in clinical characteristics of the patients enrolled in the two trials, we have not found any difference between DENDR1 and DENDR2 in terms of morphological and functional characteristics of the final product. While data for DENDR2 are not yet mature, the survival analysis of the first stage of DENDR1 is positive and allows the passage to stage 2.
CONCLUSION
Our findings suggest that the protocol used for DC production is highly reproducible and permits, routine generation of large numbers of safe, autologous DCs. The functional characterization showed that these cells exhibit a mature phenotype and fulfill all requirements for in vivo use in immunotherapy approaches. Our data show that a DC production process could be successfully translated to a GMP-compatible technology in a running vaccination program. Our protocol is open for use by other groups and will promote the realization of larger, multicenter immunotherapy trials; further multicenter studies, involving other Italian or European facilities, are needed to confirm our results on a larger scale.
